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OBJECTIVES

This project focused on exploring the potential of a new heavy atom chalcogenide family of
semiconductors for room temperature gamma radiation detection. Its goal was to accelerate
nuclear detector material discovery and development through innovative materials
design/selection, synthesis and characterization. The project succeeded in expanding the
currently small portfolio of potential materials. It allowed the assessment of fundamental limits
for performance of the new materials. The project also focused in delineating clear
relationships between material composition, structure and properties and the targeted
performance and how they evolve from one material to the next. The close coupling of
experiment and theory created an accelerated fundamental materials discovery effort which is
greatly needed to develop the next generation radiation detector materials. The project
investigated ternary chalcogenide semiconductors using selection criteria relevant to y-ray
detection at room temperature. These include heavy element composition, extended
structures and wide energy band gap 1.8 <E; < 2.5 eV.

PROJECT REPORT

This project focused on the synthesis, physical characterization and properties
optimization of several new compounds. These compounds possess good properties within the
required selection criteria to be considered as the best candidates for the X-ray and gamma ray
detectors on par or even may be better than the bench mark material CZT.

1. TERNARY MATERIALS

The availability of highly efficient hard radiation detection materials will impact biomedical
diagnostics, nuclear safety and homeland security applications. Semiconductor materials
promise excellent energy-resolution for X-ray and y-ray detection; however, few are being
considered because of strict demands on physical and crystal properties. These include the
challenging combination of high mass density (e.g. > 6 g/cm®) and high atomic number (Z) with
a wide energy band gap ( > 1.5 eV). In this DTRA funded project we applied a materials design
tool called “dimensional reduction” which creates new candidate semiconductors for hard
radiation detection. We then utilized theoretical electronic band structure calculations as a
guide to aid in the selection of new materials among the variety of possibilities indicated by
dimensional reduction. As a result of this concept, we discovered several promising new
materials (ternary compounds Cs;HgeS;, Cs2CdsTey) that show high pt products and great
promise as superior new detector materials. Several quaternary materials were also identified
which are presented in this final report.

Main achievements for Cs;HgeS;: successful scale-up synthesis of material, Bridgman-
Stockbarger single crystalline boules of dimensions 1/4 inch in diameter >1.5 in long, and
electrical resistivity >2 MQ*cm. For Cs,CdsTe,: the large single crystals of 6-8 mm plate grown
by direct heating of the starting binaries and electrical resistivity ~2 MQ*cm. We have
characterized the optical and optoelectronic properties of high Z chalcogenide semiconductor
materials for x-ray and y-ray detector applications. The semiconductor crystals are grown by the
modified Bridgman method. We have measured the bandgap energy and optical absorption






The Bridgman and the modified Bridgman-Stockbarger (BS) growth techniques were utilized for
the growth of single crystalline boules. The modified BS method was found to be superior in
producing higher quality crystals with better physical properties (Figure 1a). A study of the
optimal growth conditions with the BS method, in terms of temperature profiles and feed
speed, was also initiated. So far, the best crystals were grown by keeping the hot zone of the
furnace about 40 C above the melting point and the post annealing zone about 10 C below the
recrystallization point. Typical dimensions of single crystalline boules using the above
conditions are ~1/4 inch in diameter and >1.5 inch in length. The single crystalline nature of the
ingots was confirmed with backscattering Laue reflections.

Synthesis, crystal growth and annealing treatment of Cs,HgsS;. High purity Hg (99.9999%,
Aldrich}, Cs (>99.9%, Aldrich), and S (99.98%, 5N Plus Inc.) were used as starting materials. All
manipulations were carried out in a glovebox under N, protective atmosphere with O; and H,0
levels below 0.1 ppm. Stoichiometric amounts of Hg and Cs,S; were weighed and loaded into a
fused silica tube and subsequently sealed under a 10 mbar vacuum. In order to prevent the
volatilization of Hg during sealing, the tube was cooled using liquid N;. The mixture was raised
to 2402C over 12 h and kept there for 1 d, followed by heating at 6202C for 1 d, and then
cooling to room temperature. The polycrystalline raw Cs;HggS; material was then transferred
into a conically tipped fused silica ampoule and sealed. The ampoule was loaded into a two-
zone vertical Bridgman furnace. The temperature gradient of the furnace was set to 5-202C/cm
at the middle of the growth zone. The growth run was unseeded. A stepping motor was used to
control the lowering speed at 0.8-2.0 cm/d. After the growth run, the furnace was slowly cooled
to room temperature. When Cs;HggS; is ground to a powder and exposed in air for several
weeks it shows signs of decomposition where some HgS can be seen in the powder X-ray
diffraction pattern. Therefore, the material should be stored in an inert atmosphere.

Because all elements in Cs;HggS; have relatively high vapor pressures above the melting point,
it was difficult to determine which element would be off stoichiometric during the growth
procedure. After the first growth run, some orange or reddish Cs,S1.x was found to have
condensed at the top of the tube. Therefore, an excess of Cs;S; and S were added to
compensate for the loss of Cs and S in further growth runs. The starting compositions for
different growth runs are summarized in Table 1.

The Cs;HgeS; ingots were cut into wafers and rectangular blocks using a Struers Accutom-50
waferizing saw and then polished with different grit SiC sandpapers. The crystals were oriented
using Laue X-ray back-reflection with white Ag X-ray irradiation. The scanned X-ray diffraction
pattern was oriented using OrientExpress software. Crystals used for annealing were loaded
into a fused silica tube and sealed under a 10™ mbar vacuum. The crystals were heated for 1.5 d
at 280°C and cooled to room temperature in 12h. The DC resistivity values of the Cs,HggsS;
samples were measured using a Keithley Model 617 electrometer.

Defects, optical and thermal characterization. To understand the microscopic defects in the
samples, Cs,HgsS; crystals were examined under a Hitachi S3400N-Il scanning electron
microscope (SEM) equipped with an energy dispersive spectroscopy (EDS) detector. Powder X-
ray diffraction (PXRD) patterns of ground crystals were collected using a CPS 120 INEL
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of the matrix “Cs,Hgs3Ss0”. This indicates that the inclusions are Hg-deficient and this could
result from the high vapor pressure of Hg at the growth temperature leading to loss of Hg.
Thermal annealing is a commonly used processing method to improve the quality of
semiconductor crystals (e.g., CulnS,, HgCdTe and CdTe) by reducing defects such as
dislocations, vacancies, anti-site, etc. This can raise the electrical resistivity which is desirable to
suppress dark current. Crystals of Cs,HgeS; were annealed under vacuum at 280°C for 1.5 d. The
current-voltage characteristics of sample 4(with 1% excess of Cs,S; and 2% excess of S) both
before and after annealing, measured parallel to the c-axis, are shown in Figure 8. The
resistivity values of Cs;HgeS; crystals increase noticeably after annealing, the resistivity of
sample 4 increases from 1.3 MQ.cm to 3.5 MQ.cm. The resistivity values along the c-axis of the
different samples are summarized in Table 1.

Comparing the resistivity of different crystals, sample 2 (with 5 at% excess S) shows the highest
value followed by sample 1 (without any excess of Cs,S; or S} shows the next highest value.
Initially, it was thought that S was the most volatile element in the growth process of Cs;HgsS,
hence the addition of excess S was expected to help compensate the loss during growth.
However, it turned out that Hg is deficient in the final crystals. Concurrent with the finding that
the growth run containing 5 at% excess S gave the best resistivity, we speculate that the excess
S may help create a higher pressure atmosphere in the sealed tube, reducing volatilization from
the melt and overall providing better conditions for crystal growth. Additional annealing work is
necessary aimed at investigating a broader set of experimental conditions to further raise the
resistivity of Cs;HgeSy crystals.

1.4. Spectroscopic, photoelectric characterization and figure of merit ux product

Analysis of the photoluminescent behavior of Cs;HgeS; is useful in providing information about
electronically active impurity and defect centers. Figure 9 shows the PL spectrum measured at
24K on two plate crystals cut (// c- axis and L c- axis) from sample 1. A broad peak around 1.65
eV is observed in both spectra. A small peak centered at 1.74 eV is seen from the sample cut L
c-axis and it does not show up in the sample cut // c-axis; this may be a result of the anisotropic
character of the Cs;HgeS; crystal. The peak at 1.74 eV observed in the sample the sample cut L
to the c-axis is attributed to the recombination of free excitons (conduction-to-valence band
transitions), this is consistent with an energy bandgap of 1.73 eV observed from spectral
photoconductivity measurements. In Figure 9(a), the broad PL peak at 1.65 eV can be
decomposed by a Gaussian function to reveal four peaks with energies of 1.57 eV, 1.62 eV, 1.66
eV, and 1.68 eV. .
To determine the ut products for both holes and electrons we performed photoconductivity
measurements on suitably cut as-grown Cs,;HgeS; crystals. Different voltage polarities were
applied to the illuminated electrode. For strongly absorbed light, the photocurrent can be
modeled by:
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The thermal conductivity exhibits a significant anisotropic character as the room temperature
value measured // c-axis of 0.48 W/mK is almost twice of that obtained along the direction 1 c-
axis of 0.30 W/mK. This is likely the result of the highly anisotropic crystal structure of Cs;HgeSs.
The room temperature lattice thermal conductivity of the compound is extremely low.

In conclusion of this section, Large scale synthesis of Cs;HgsS; was achieved using Cs,S; and Hg
as starting materials. Cm-scale crystals have been grown with the Bridgman method. The
samples grown with excess S show the highest resistivity and mobility-lifetime (ut) products.
We presume that excess S increases the pressure in the sealed tube, which provides better
conditions for crystal growth. Hg-deficient inclusions have been observed by SEM and a simple
annealing procedure leads to improvement of the resistivity. Weak SHG was detected, but
Cs,HgeS7 can generate continuously tunable, doubled frequency light from the visible to near IR
regions. The thermal expansion coefficients of Cs,HgsS; along the a- and c- axis are relatively
small, and the thermal conductivity is low at 0.48 W/mK and 0.3 W/mK parallel and
perpendicular to the c-axis respectively. In comparison with the other leading y-ray detector
crystals, the ut products for the Cs;HgeS; samples match those of CZT and are much higher than
in Hgl, and TIBr. In the future, growth of crystals with dimensions >=®20mm is feasible, and
further improvements in the synthesis and crystal growth of Cs,HgsS; could promote this
promising material to levels appropriate for y-ray applications. More work is underway to
optimize the crystal growth and annealing conditions in order to continue improvements in
Cs;HgeS7 crystal quality.

Using first-principles calculations, we investigated the electronic and thermodynamic properties
of possible intrinsic defects of the newly proposed -ray detector material, Cs;HggS;.
Furthermore, we examined the concentration of the defects and the carrier density as a
function of chemical environment to predict the optimal growth condition for reducing the
concentration of defects as well as the carrier density which can lower detector efficiency. We
found that S-vacancy and HgCs-antisite defects provide deep levels and Cs-vacancy forms a
shallow acceptor level. We predict that the net carrier density can be reduced by controlling the
partial pressure of Cs. This work is still ongoing.

Further research is needed to optimize and achieve high sensitivity detectors. In particular, we
will be growing thicker and higher density samples for more efficient absorption of X-rays and
y-rays. Furthermore low-temperature photoluminescence and photocurrent mapping
measurements will be performed to determine the nature of radiative and non-radiative
defects, which may limit detector sensitivity. Near field scanning optical microscopy will be
used to determine compositional inhomogeneity at the nanoscale. Detector response of
selected materials will be measured at x-ray and gamma ray energies.

1.6. Synthesis of Cs,Cd3Te,
Cs,Cd;Te,: Large single crystals of Cs,CdsTes were synthesized from the reaction of Cs,Tes, Cd,
Te in the ratio 1:3:1 at 600 C. The Cs,Te; reactive flux was synthesized from stoichiometric
mixtures of the elements in liquid ammonia. Yellow plates of Cs,CdsTe, formed from the
reaction (Figure 1b). Attempts to grow large crystals via the Bridgman method using carbon
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measurements which indicate p-type character for undoped stoichiometric samples, we chose
to explore n-type dopants to compensate the majority carrier and realize high resistivity. In
order to control the carrier concentration, n-type In/Cl doping was tried on Cs;HgsS;. We also
investigated the effects of Cd alloying in Cs,Hge,Cd,S; to understand how the properties vary
with composition. We found that Ag X-ray detection can be realized using the HgCl, doped
CsyHgeS7 crystal.

3.1. Experimental section.

Reagents The high purity (i) Hg ( 99.9999%, Aldrich ) metal; (ii) Cs ( 99.9%, Aldrich ) metal; (iii)
Indium metal ( 99.99%, Cerac, Milwaukee, W1 ); (iv) Cadmium powder, ( 99.99%, Alfa Aesar ); (v)
HgCl, ( 99.999%, Aldrich ) were used as received, (vi) Sulfur shot, { 99.99%, 5N Plus Inc., St-
Laurent, QC, Canada) was further purified by melting under vacuum. CdS was prepared by
heating the mixture of Cd and S powder at 450 °C for three days, then ground and reacted for
another time for complete reaction. HgS was synthesized by the method described
previouslyl'13 and ground prior to use. Cs,S was synthesized by a stoichiometric reaction in
liquid ammonia.>***> All manipulations were conducted in a nitrogen filled glove box with O,
and H,0 levels below 0.1ppm.

Cs,Hgs.<Cd,S; Syntheses of Cs;Hge,Cd,S; ( x = 0.25, 0.5, 0.75, 1.0, 1.35, 2.0, 3.0, 4.0 ) were
performed by direct reaction of a mixture of Cs,S, ( 6-x ) HgS, and x CdS; each sample with total
amount around 500 mg was weighted and loaded into a fused silica tube and subsequently
sealed under a 10 mbar vacuum. The samples were put into tube furnaces, and heated from
room temperature to 200 °C in 6h and kept at 200 °C for 8h, followed by heating to 620 °C in
12h, soaked there for 24h, then slowly cooled to 150 °C in 48 h. They were finally cooled to
room temperature in 3h. The reactions of samples with x < 1 yielded black needle crystals of
Cs,Hgs «Cd,S7 determined by EDS analysis; but for samples with x 2 1, in addition to black/dark
red needles of Cs,Hgs,Cd,S7 crystals, there were red polyhedra and yellow plate-like crystals of
Hg;.,Cd,S (red) and Cs,Hgs,Cd,S4 (yellow) phases respectively determined by EDS analysis. For
samples with x > 2, most of the products are yellow and red phases. All the EDS data are
summarized in Table 3. Black/dark red needle crystals from reactions with x < 2 were
handpicked for single crystal X-ray diffraction.

Table 3. The atomic ratio values of Cs,Hge,Cd,S; samples (x = 0.25, 0.5, 0.75, 1.0, 1.35, 2, 3, 4) measured
by SEM-EDS.

Experimental x
values Average x
Elements S{at%) Cd(at%) Cs(at%) Hg(at%) (When total 8
value
number of Cd and
Hg atoms = 6)
sample 1 52.24335 | 0.282012 | 12.48309 | 34.99156 0.047970032
x=0.25 51.81487 | 0.444229 | 16.08285 | 31.65805 0.0830276
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5274967 | 0.276106 | 13.27457 | 33.69965 0.048759286
5227602 | 0.403268 | 13.13895 | 34.18177 0.06996112 0.068549
5221656 | 0525225 | 129512 | 3430701 0.090472265
5260228 | 0326559 | 12.79 34.27516 0.056625846
51.81487 | 0.444229 | 16.08285 | 31.65805 0.0830276
52.08602 | 0.827294 | 11.66304 | 35.42365 0.136927839
516579 | 0.883963 | 12.43037 | 35.02777 0.14768928
51.90471 | 073936 | 12.8357 | 3452024 0.12581418
sample 2 51.86313 | 0.805151 | 13.02607 | 34.30565 0.137590227 | 0.145328
x=0.5 52.55655 | 0.912793 | 12.88166 | 33.64899 0.158462865
52.91283 | 0.816468 | 13.07453 | 33.19617 0.144029017
52.82019 | 0.872714 | 12.80014 | 33.50695 0.152307512
51.27245 | 0.959814 | 12.69001 | 35.07773 0.159802409
5274134 | 147794 | 12.69642 | 33.0843 0.256570176
5274134 | 147794 | 1269642 | 33.0843 0.256570176
52.65987 | 1.507828 | 12.977 32.8553 0.26327545
5256814 | 1586439 | 12.87989 | 32.96552 0.275487535
si:g_’;? 52.26493 | 1506621 | 12.74688 | 33.48158 0258364984 | 0.260054
51.93881 | 1.329547 | 1233354 | 34.3981 0.223280363
529296 | 1645987 | 1262794 | 32.79647 0.286736861
5207786 | 1648128 | 12.85691 | 33.41711 0.282010577
52.49615 | 1362447 | 13.18407 | 32.95733 0.238191583
50.49464 | 2.408613 | 14.81202 | 32.28473 0.416554784
51.5592 2.320111 12.74966 33.37104 0.390031299
5167809 | 2.332738 | 12.69239 | 33.29678 0.39283237
5134947 | 2.439106 | 12.48845 | 33.72297 0.404695682
sa;z;’.'g 4 51.47483 | 2.454115 | 12.83652 | 33.23452 0.412587649 0.422545
5274257 | 2.57824 | 12.74657 | 31.93262 0.448248464
52.89166 | 2.160128 | 12.55746 | 32.39075 0.375121234
48.94675 | 2323502 | 22.18451 | 26.54523 0.482910437
4914406 | 2.310269 | 21.9727 | 265729 0.479919125
51.96757 | 3.490113 | 125059 | 32.03642 0.589437703
5212397 | 3.185663 | 12.83886 | 31.85151 0.545534253
SiTlF"';S 5152463 | 3.720544 | 12.42972 | 32.32512 0619305113 | 0.602124
5133074 | 3388704 | 13.05623 | 32.22433 0.57092086
5216997 | 3.989928 | 12.90318 | 30.93691 0.685420421
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50.45241 | 2186717 | 19.63253 | 27.72834
Cs;Hgs,Cd,Ss
sample 6 50.81602 | 1.920035 | 19.00564 | 28.2583
x=2 5144691 | 42.94452 | 0.205656 | 5.402908
Hgl-ICdzs
51.47849 | 43.02058 | 0.162341 | 5338583
49.48634 | 1977836 | 2136971 | 27.16611
Cs:Hgs,Cd\Ss 49.33762 | 2198386 | 21.90692 | 26.55708
Sa';'_pale ’ 4937362 | 2.230139 | 21.01614 | 27.3801
5156449 | 4455389 | 4.496-02 | 3.836735
Hg1.Cd,S
5113931 | 456271 | 6.84E02 | 3.165223
49.42684 | 1085954 | 21.44284 | 28.04437
CsHEs4Cd,Ss 49.33336 | 0.803704 | 213545 | 2850843
sample 8 489037 | 0607424 | 2270875 | 27.78012
x=4 5159128 | 43.41001 | 026117 | 4.737543
Hg1.Cd:S 5173935 | 43.1731 | 0343739 | 4743814
51.95506 | 42.57869 | 0.383986 | 5082272

Crystal growth of Cs;HgeS;: A new method referred to here as “vapor transport method” was
adopted to synthesize polycrystalline Cs,HgsS; for the purpose of using it as starting material
for crystal growth. HgS and S powders were loaded into a 15mm silica tube first, and a 9mm
short quartz crucible filled with stoichiometric amount of Cs metal was then inserted into the
15mm tube, and held in place by an indentation made in the middle of the wall of the larger
tube. This setup is schematically shown in Figure 19{a). The reaction scheme is

2Cs + 6 HgS + S - Cs;HgeSs

The tube was sealed under a vacuum of < 10™ mbar, (the bottom part of the tube was cooled in
liquid N, to prevent evaporation of Cs metal during sealing) and then placed vertically into a
tube furnace. The furnace was heated to 90 °C first and soaked there for 48h and followed by
cooling to room temperature. After this step, the Cs metal was evaporated and all reacted.
Some white and yellow powder (Cs,S,) were condensed in the 9mm crucible and also on the
inside wall of the 15mm tube. The 15mm tube was then transferred back in the glove box and
opened on the top. All the white/yellow powder in the 9mm crucible was collected and loaded
back into the 15mm tube. The 9mm crucible was removed. The 15mm tube was resealed under
a vacuum of < 10" mbar and put back into the tube furnace. The furnace was heated to 620 °C
in 12h, soaking there for 24h and cooled to room temperature in 10h. The obtained products
inside the 15mm quartz were collected, mixed and sealed in another silica tube, and heated
again to 620 °C for 24h to ensure complete reaction. The obtained polycrystalline ingot is
shown in Figure 19b. The purity of the sample was confirmed by powder X-ray diffraction.
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temperature gradient is ~20 °C/cm. During several runs, the growth speed of ~1cm/day was
deemed best for the crystal growth of Cs;HggS;. After the growth was finished, the furnace
cooled down to room temperature in one day. A typical undoped-Cs;HgsS; ingot up to 5cm long
is shown in Figure 20(b). The crystal direction in the resulting ingots was determined by X-ray
Laue back reflection experiments which indicated that the growth direction was along the c-
axis. A Struers Accutom-50 saw was used to cut the Cs,HgeS; ingots into wafers
(¢7mmx1.6mm) and rectangular blocks (1.6mm thick) (Figure 20(c)), which were then polished
using silicon carbide sandpaper with different grit sizes (from P600 to P12,000).

3.2. Crystallographic, optical, and electrical characterization of the crystals of Cs;HgsS;

Phase purity of the samples was checked by powder X-ray diffraction (PXRD) at room
temperature using a calibrated CPS 120 INEL powder X-ray diffractometer {Cu Ka graphite
monochromatized radiation) operating at 40 kV/20 mA and equipped with a position-sensitive
detector with a 2 range of 0-120°. In order to determine the cell parameters, the single crystal
X-ray diffraction data for Cs;HgeCd,S; crystals were collected on a STOE Model IPDS Il
diffractometer, with graphite-monochromatized Mo Ka (A = 0.71073 A) radiation operating at
50 kV and 40 mA.

Optical diffuse reflectance measurements were made at room temperature with a Shimadzu
Model UV-3101PC double-beam, double-monochromator spectrophotometer operating at 200-
2500 nm region. The optical transmission spectrum taken on single crystals of Cs,HgeS; was
measured on a Lambda 1050 UV-vis-IR spectrophotometer in the range of 300-1500 nm.

The microscopic defects in the as grown Cs;HgeS; crystals were examined under a Hitachi
S4700-11 scanning electron microscope (SEM) equipped with an energy dispersive spectroscopy
(EDS) detector.The resistivity was measured using a two probe method using a Keithley 617
electrometer. Silver paste TED PELLA, Inc. was the contact. Seebeck measurements as a
function of temperature from 300-350 K were performed under vacuum using a custom setup
including a Keithley 2182A nano voltmeter and MMR Technologies K-20 temperature controller
and SB-100 unit. We used the integral method of measuring the Seebeck voltage V(T), in which
one end of the sample is held at a fixed temperature Ty, and the other end is varied through the
temperature T range of interest.

Photoluminescence (PL) measurements were performed at 28 K. Polished samples were placed
in a helium vapor cryostat, an excitation source of He-Ne laser with emission wavelength of 633
nm was used. The PL spectrum was analyzed with a 0.75-m SPEX grating monochromator and
the signal was detected with a R928 Hamamatsu photomultiplier tube (PMT) with a phase
sensitive detection lock-in system.

Photoconductivity response was measured on single crystalline samples in a custom setup
described above. Gold electrodes were evaporated on the front and back surfaces of the
samples in parallel plate configuration.

Detector properties were measured using Ag X-ray source with 40 kV accelerating voltage and
20 mA current. One undoped-Cs,HgeS; crystal sample and another HgCl, doped sample of the
same dimensions of $7.0 mm x 2.0 mm were cut and polished for detector measurements.
Carbon paste was used as contact electrode on both sides of the crystals. A spectroscopic grade
CZT crystal bought from eV Products Inc. was used reference. The ut product for electrons of
the CZT crystal was 2 x 10 cm?/V. The Cs,HgeS; samples were placed in an eV-480 test fixture
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reported were grown by the Bridgman method using improved growth conditions. Low
temperature PL spectra confirm that there are fewer defect centers in the grown crystal.
Inclusions with dimensions range from 0.05 um to 0.5 um and step bunches were found in the
crystals by SEM. Alloying with Cd increases the band gap of Cs,Hge.,Cd,S; from 1.63 to 1.83 eV.
Cl and In act as donor dopants and produce n-type samples. The (ut) products of the compound
have been greatly improved to > 10° cm?/V. While In doping at the relatively large
concentrations used decreased the resistivity, HgCl, doping gave a similar conductivity to the
undoped material. The property that was impacted most by the HgCl, doping was the (ut) for
holes which improved by over one order of magnitude. The (ut)y= 2.4x10° cm?/V for HgCl,
doped Cs,;HgeS7 is higher than commercial CZT. Though, the resistivity of these crystals is still
lower than desired, it is markedly improved over previous samples and both undoped and
HgCl,-doped Cs,HgeS; crystals have shown response to Ag X-ray with the spectrum obtained
using the latter crystals showing higher resolution. Future work will aim at increasing the
resistivity and detector response through improvements in purity as well as native defect
control.

Table 4. Crystal data and structure refinement for Cs,Hgs 46Cdo 5457, Cs,Hgs528Cdg 7257 and Cs;Hgs 16Cdg 84S7.

Cs,Hgs 16Cd0 847
1620.14

Cs Hgs 25Cdo 7257
1629.84

293(2) K, 0.71073 A

Empirical formula
Formula weight
Temperature, Wavelength
Crystal system, Space
group

Cs;Hgs 46Cdo 5457
1646.16

Tetragonal, P4,nm

a=13.963(2) A,
c=4.1567(8) A,

a=13.966(2) A,
c=4.1535(8) A,

a=13.968(2) A,

Unit cell dimensions c=4.1551(8) A,

a=8=y=90.00° a=8=y=90.00° a=6=y=90.00°
Volume, Z 810.7(2) &%, 2 810.4(2) A%, 2 810.1(2) A%, 2
Density (calculated) 6.743 gfcm® 6.679 g/cm’ 6.642 gfcm®
Absorption coefficient 57.492 mm™ 56.010 mm™ 55.131 mm™*
F(000) 1369 1358 1351
Crystal size 0.05 x 0.03 x 0.12 mm’ 0.08 x 0.08 x 0.2 mm’ 0.04 x 0.03 x 0.1 mm’
6 range for data collection 2.06to0 29.18° 2.06t0 29.12° 2.06 to 24.95°
Index ranges -7<=h<=18,-19<=k<=19,- -19<=h<=19,-19<=k<=16,- -11<=h<=16,-16<=k<=16,-
5<=l<=4 S<=Ik=4 4<=I<=4
Reflections collected 3725 7568 2481
Independent reflections 1080 [R;; = 0.0458] 1090 [R,, = 0.0746] 732 [Rjp = 0.1555]
Completeness to 8 =
24.95° 99.5% 99.8% 99.8%
Refinement method Full-matrix least-squares on F*
Data / restraints /
parameters 1080/1/44 1090/1/44 732/1/43
Goodness-of-fit 1.026 1.047 1.082

Final R indices [>20(l)]
R indices [all data]
Extinction coefficient
Largest diff. peak and hole

Rops = 0.0268,WRp, = 0.0602

R,y = 0.0290, wR,, = 0.0644
0.0075(3)
1.628 and -2.036 e-A”

Rops = 0.0261,wR,, = 0.0581
Ran= 0.0265, wRy = 0.0584

0.00334(15)
1.410 and -1.003 e-A’

Robs = 0.0595,WRyp = 0.1587
R, = 0.0604, wR,; = 0.1647
0.0042(7)

3.900 and -2.563 e-A”

R=Z||F|-IF |1/ ZIFo |, wR = (ZwW(IFo |- [Fc| )71/ Ziw{]Fo| )1} and calc w=1/[0”(Fo’)+(0.1092P)*+28.0106P] where

P=(Fo’+2Fc?)/3
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Table 5. Atomic coordinates (x10*) and equivalent isotropic displacement parameters (A*10%) for Cs,Hgs 46Cdo 457,

Cs,Hgs ,5Cdy 725, and Cs,Hgs 1¢Cdo 8457 at 293(2) K with estimated standard deviations in parentheses.

Occupancy Ueq'

Label X y z

Cs,Hgs 46Cdo 5457

Hg(1) 0.1526(1) 0.4264(1) 0.4248(2)  0.865(7) 29(1)
Cd(1) 0.1526(1) 0.4264(1) 0.4248(2) 0.135(7) 29(1)
Hg(2) 0.4007(1) 0.4007(1) 0.10188(2) 1 25(1)
Cs(1) 0.6686(1) 0.3314(1) 0.4156(3) 1 27(1)
s(1) 0.3168(2) 0.3168(2) 0.14208(11) 1 20(1)
S(2) 0.5 0.5 0.7045(14) 1 25(2)
S(3) 0.212(2)  0.3084(2) 0.4242(7) 1 20(1)
Cs,Hgs 25Cdg 7257

He(1) 0.1526(1) 0.4266(1) 0.4248(1)  0.819(7) 25(1)
Cd(1) 0.1526(1) 0.4266(1) 0.4248(1) 0.181(7) 25(1)
Hg(2) 0.4007(1) 0.4007(1) 0.10187(2) 1 21(1)
Cs(1) 0.6685(1) 0.3315(1) 0.4149(3) 1 22(1)
S(1) 0.3168(2) 0.3168(2) 0.14193(10) 1 14(1)
5(2) 05 0.5 0.7037(13) 1 19(1)
5(3) 0.211(2)  0.3083(2) 0.4244(6) 1 15(1)
Cs;Hgs 16Cdg 8457

Hg(1) 0.1525(1) 0.4264{1) 0.4247(2)  0.791(16)  26(1)
cd(1) 0.1525(1) 0.4264(1) 0.4247(2)  0.209(16)  26(1)
Hg(2) 0.4007(1) 0.4007(1) 0.10195(6) 1 25(1)
Cs(1) 0.6685(2) 0.3315(2) 0.4143(8) 1 27(1)
S(1) 0.3169(4) 0.3169(4) 0.1421(3) 1 20(2)
S(2) 0.5 0.5 0.705(4) 1 22(3)
S(3) 0.215(4) 0.3079(4) 0.4234(16) 1 20(2)

'U,q is defined as one third of the trace of the orthogonalized Uj; tensor.

Table 6. Comparison of different Cs,HgsS; crystals: resistivity and photoconductive properties.

Sample Synthesis Doping/  Resistivity  (ut). (Io)e (s/1)e (ut)y (Io)s (s/u)n Reference
number method Alloying  (MQ.cm) (cm*V) (nA) (v.em™)  (ecm?*/V) (nA) (V.em™)

JA (1) no 5.0 2x10° 3.4x107 ™
HL1-192-1  (2) ExcessS 8.3 1.2x107 4.0 1.1x10* 0.8 ]
HL2-4-1 (3) no 65 1.3x10° 2.1 584 9.1x10* 12.8 65 This work
HL2-102-2  (3) HgCl, 47 1.7x10° 309 148 2.4x10° 151 4.0 This work
HL2-126-1  (3) cd 2.7 8.2x10° 0.2 39 1.1x10* 0.1 20 This work
HL2-159-1 (3) In 2.0 NA NA This work
czT Zn 1x10° 4.5x10" 1.1x10* )
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4.0. QUATERNARY MATERIALS

In addition to work on the ternary materials described above we also investigated the
quaternary Cs/Cd/In/Q (Q = Se, Te) system and studied in detail two CsCdInSez and CsCdInTes,
synthesized using the flux method. Their crystal structures, electronic band structures, and
optical absorption properties are reported. Single crystals of CsCdinSe; and CsCdInTe; with
dimensions up to 1 cm have been grown by the vertical Bridgman method. The resistivity and
photoconductivity measurements on the single crystals are reported and the obtained carrier
mobility-lifetime products demonstrate their relevance as X-ray and y-ray detection materials.

4.1. Experimental work on quaternary materials

The following reagents were used as received: (i) Indium metal, 99.99%, Cerac, Milwaukee, WI;
(i) Cadmium powder, 99.99%, Alfa Aesar, Ward Hill, MA; (iii) Cesium metal, 99.9+%, Strem
Chemicals, Newburyport, MA. Selenium (99.999%) and Tellurium shot, 99.99% (5N Plus Inc, St-
Laurent, QC, Canada) were purified by the fast Bridqgman method. The raw material was loaded
into fused silica tubes and sealed under a vacuum of < 10 mbar. A single zone Bridgman
furnace was used for the purification, with the furnace set to 240 °C for Se and 500 °C for Te,
and a lowering speed of ~8-15 cm/d. After one run, the furnace was cooled to room
temperature and the top and bottom parts of the ingots were discarded. The processes were
repeated 3-4 times and the obtained ingots were ground into powder for the synthesis of
starting material for crystal growth. Cs,Ses; and Cs,Te; were synthesized by stoichiometric
-reaction in liqguid ammonia.

CsCdInSes (1) was first found by discovery synthesis using the alkali metal flux method.***° A
mixture of Cs,Se; (0.1859 g, 0.37 mmol), Cd powder (0.0415 g, 0.37 mmol), In metal (0.0849 g,
0.74 mmol), and Se powder (0.0584 g, 0.74 mmol) in the ratio of 1:1:2:2 was loaded into a 9
mm O.D. carbon coated quartz tube in a N,-filled glove box. The tube was flame sealed under a
vacuum of < 10 mbar and placed in a temperature controlled furnace. The mixture was heated
slowly from room temperature to 200 °C and kept there for 12 h, then heated to 600 °C in 8 h
and kept there for 2 d, and then cooled to room temperature in 10 h. The product was washed
with degassed DMF to remove the excess Cs,Se, flux and dried with ether. The final product
consisted of yellow and orange-red plate-like crystals. Semi-quantitative energy-dispersive
(EDS) analysis of the yellow crystals indicated an average composition of Cs;glnggs3Se;as
(CsInSe;). EDS on the orange-red crystals indicated an average composition of
Cs10Cdy 03lngg75€295 (CsCdInSes). Following the crystal structure determination, a direct
combination reaction based on the CsCdinQ; composition was subsequently used for the
preparation of the target compounds as single phases (see below). The structure and physical
properties of CsinSe; and CsInTe; have not been reported in detail, therefore in this work we
also synthesized and characterized the two ternaries for comparison with the quaternaries.
Efforts to synthesize the heavier analogs of CsHginS;, e.g. CsHgIinQs (Q=Se, Te) were not
successful. Reactions involving Cs/Hg/In/Q (Q=Se, Te) yielded only binary HgQ and ternary
CsInQ; as identifiable phases.

Synthesis of CsCdInSe; (). A mixture of Cs,Se; (0.1508 g, 0.3 mmol), Cd (0.0674 g, 0.6 mmol), In
(0.0688 g, 0.6 mmol), Se(0.0710 g, 0.9 mmol) was loaded and sealed as described above. The
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A Hitachi S-3400 scanning electron microscope (SEM) equipped with a PGT energy dispersive X-ray
analyzer was used for semi-quantitative microprobe analyses of the crystals. Data were collected with
an accelerating voltage of 25 kV and a 60 s accumulation time.

Differential thermal analysis (DTA) was performed with a computer-controlled Shimadzu DTA-50
thermal analyzer. The ground single crystals (~30 mg total mass) of I and Il were sealed in fused silica
ampoules under vacuum. An ampoule containing a-Al,0; of equal mass was sealed and placed on the
reference side of the detector. For CsCdinSes(l), the sample and reference were heated to 900 °C at a
rate of 5 °C/min and cooled at a rate of 5 °C/min to 50 °C. For CsCdInTe; (1), the sample and reference
were heated to 800 °C at a rate of 5 °C/min and cooled at a rate of 5 °C/min to 50 °C. All DTA
measurements have been repeated once. The products of the DTA experiments were examined by X-ray
powder diffraction.

The electronic band structures of CsCdinSe; (I) and CsCdinTe; (Hl) were investigated by first-principles
electronic structure calculations within the ‘density functional theory (DFT) framework. We employed
the plane-wave basis set and pseudo-potential scheme using the projector augmented wave method*
implemented in the Vienna Atomic Simulation Package (VASP) code. The cut-off energy for the plane-
wave basis was set to 450 eV and a 10x10x4 k-point mesh was used for Brillouin zone sampling. For
exchange-correlation functional, generalized gradient approximation (GGA) method is used with
Perdew-Burke- Ernzerhof formalism.

Resistivity measurements were conducted through a two probe direct-current method on selected plate
crystals using a Keithley 617 electrometer. The resistance of the plate crystals was measured both
perpendicular and parallel to the (001) plane. In order to avoid electromagnetic noise and light
illumination, a metallic enclosure was used. Carbon paste bought from TED PELLA, Inc. was used as
contact materials for the two compounds. Measurements were repeated after 4-5 d with no changes
observed. Photoconductivity response was measured on the single crystalline samples in a custom setup
available in the Wessels lab. A diode laser (405 nm) with stable intensity was focused on the crystal
sample and the chopper frequency was kept at 51 Hz. The photocurrent passing through the crystals
was recorded as a function of positive and negative voltage up to 150 V.

4.2. Discussion of findings

4.2.1. Synthesis and crystal growth

CsinQ; and CsCdinQ3 (Q = Se, Te) can be synthesized in high yield by stoichiometric reaction of
Cs2Q3, Q, Cd and In (Q = Se, Te). The powder XRD patterns for the ground crystals are shown in
Figure 34. The experimental Bragg peak positions match well with the simulated patterns
calculated from the refined crystal structures, which are described later in this paper. CsinSe;
and CsInTe, were first found in this work as byproducts of the reactive alkali metal flux
reactions. They can be synthesized in high purity by direct combination at 600 °C and 700 °C
respectively. Since CsInSe; has a relatively low density for a y-ray detector material and CsinTe;
is air sensitive, we focused our work on the quaternary compounds CsCdinQz (Q = Se, Te).

From the DTA curves shown in Figure 35 compounds (1) and (Il) appear to melt congruently. For
CsCdinSe; (1), there is only one endothermic peak at 858 °C on the heating curve and one
exothermic peak at 800 °C on the cooling curve; while for CsCdInTe; (ll), there is one
endothermic peak observed at 738 °C upon heating and one exothermic peak at 716 °C upon
cooling. All DTA curves were repeatable and the PXRD pattern of the material obtained after
the DTA experiment confirmed that both compounds crystallized as pure single phases.
Therefore, large single crystals of CsCdInSes(l) and CsCdInTe; (Il) can be grown by the Bridgman
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(orange red) and CsCdInTe; (dark red) are 2.40 eV and 1.78 eV, respectively. To confirm the
band gap, single crystals of the two compounds were selected for transmittance (7) and
reflectance (R) spectra measurement. The absorption coefficient (a) can be calculated from T
and R, the T and R were measured perpendicular to the (001) plane. A linear fit to a® versus
energy gives a linear fit with direct band gap of 2.17 eV for CsCdInSe; and 1.81 eV for
CsCdinTe;. The value of the band gap measured with diffuse reflectance and absorption
method may be different due to the anisotropic characteristic of the plate crystals of CsCdinQ3
(Q=Se, Te). A comparison of structure parameters, densities, and band gaps is summarized in
Table 8.

Table 8. Comparison of cell parameters and physical properties between CsHgInS;, CsCdinSe; and
CsCdiInTe; with their parent ternary compounds CsInQ, (Q=S, Se, Te).

Compounds Cell parameters Density Band gap (u1)e )y
a(d) b(A) c(A) B(°) (g/em’) (eV) (em’VY)
CsHgInS,®  11.2503(6) 11.2531(5) 22.2884(14) 97.260(5) 5.168 23 3.6X10°  29%10°
CsCdInSe;  11.708(2) 11.712(2) 23.051(5) 97.28(3) 5.059 24 1.18x10°  2.74x10°®
CsInTe, 12.344(3)  12.343(3) 18.059(4) 99.86(3) 4.929 2.16 N/A

CsCdInTe;  12.523(3)  12.517(3) 24.441(5) 97.38(3) 5.195 1.78 1.07x10%  1.32x10°

The observed band gaps can be understood in terms of the concept of "dimensional reduction”
(DR), which predicts structures of lower dimensionality to have larger energy band gaps. With
the insertion of [HgS] and [CdQ] layers into the CsInQ; structure the thicker layers of CsHgInS3
and CsCdIinQz are formed and constitute a "dimensional increase" relative to CsinQ;. The
smaller band gaps of the quaternary CsCdIinQs compounds are more advantageous for X-ray
and y-ray detection than those of CsInQ,, since it ensures a lower electron-hole pair average
ionization energy, which provides higher-resolution radiation spectroscopy.

4.2 4. Electronic Structure

The electronic band structures of CsCdIinQs (Q=Se, Te), shown in Figure 39, reveal a
direct band gap of 1.53 eV (I) and 1.39 eV (ll) at the I" point, which are underestimated
compared to the experimental band gaps of 2.40 eV and 1.78 eV. Both calculations are
performed on the level of semi-local approximation like GGA, and the gaps are known to be
underestimated compared to experimental values. More exact methods are needed to predict
the correct band gap. The conduction bands of the two compounds are quite dispersive along
the M-X and -Y directions, which should result in a small effective mass for electron carriers. On
the other hand, the valence bands near the Fermi level are less dispersive compared to the
conduction bands, especially along the I-Z direction where the valence bands of both
compounds are almost flat. This is the direction that is perpendicular to the layers and the flat
bands can be understood by the lack of covalent bonds along this direction.
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current. Since the formation of a native defect can be controlled by changing growth
conditions, understanding the relationship between growth conditions and the properties of
native defects is crucial. By using first-principles calculations, we carried out formation energy
calculations for all possible native defects of Cs,HgeS; and we estimated their concentration as
a function of the growth condition. Based on the calculated results, we suggest optimal growth
conditions to decrease detrimental defects in Cs,HgeS-.

Calculation details: To investigate electronic and thermodynamic properties of native defects
of Cs,HgsS;, we performed first principles DFT total energy calculation for super-cells including
a point defect. We used a 1x1x4 super-cell which accommodates 120 atoms. Based on DFT total
energy calculations, we determined defect formation energies (AHD,q) using the formula,

AHp, = (B, — Ey) +qEp + Engp, eq(4)

where E,, and Ej are total energies of the system including a defect D with charge ¢ and
pristine system, respectively, Eg is the Fermi level, n, is the number of atoms of a removed
from the super-cell to the reservoir of a, and p, is the chemical potential of the reservoir of a.

The total energies of super-cells were calculated using the projector augmented-wave method
implemented in the “Vienna Ab-initio Simulation Package” (VASP) code. For the exchange-
correlation functional, we employed the generalized gradient approximation within the
Perdew-Burke-Ernzerhof formalism. All defect configurations were fully relaxed. In order to
correct the finite cell effect, we calculated correction terms of the band filling effect and image
charge. Based on the calculated defect formation energies, the concentration of intrinsic
defects and carrier densities were calculated self-consistently as a function of temperature and
chemical environment.

Formation of native defects in Cs;HgeS;: We considered 3 types of possible native defects:
vacancy, anti-site, and interstitial defects. As shown in Figure 43(a), 6 vacancy defects emerge
from Cs atom (V), two different Hg atoms (Vi and Vi), and three types of Sulfur atoms (Ve,,
Vsz, and Vs3). We also considered anti-site defects on cation sites: Hg defect replacing Cs atom
(Hgcs) and Cs defect replacing Hg atom (Csygy and Csyg,). And we considered interstitial defects
which accommodate the large empty space denoted by A in Figure 43(a) (Cs;, Hg;, and S).

In order to understand the electronic and thermodynamic properties of those 12 native
defects, we carried out formation energy calculations following Eq. 1. In Figure 43(c) and (d),
we presented the calculated formation energies under the two extreme growth conditions, Cs-
rich/S-poor limit and Cs-poor/S-rich limit, which are denoted by blue and red circles in Figure
43(b). In the Cs-rich/S-poor limit, Vs are the most dominant defects. Vs; and Vs;, which
correspond to the two lowest red dotted-lines, are electrically inactive defects. However, Vs;3,
denoted by red solid-lines, has a deep donor level due to the large distortion of the 2+ charged
configuration. It is well known that such a deep level can cause charge trapping or
recombination of electrons and holes, which decreases the pt value and results in degrading
the performance of the y-ray detector. Therefore, Vs; can be considered as one of the
detrimental defects.
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of ucs for the high resistivity, we can decrease the partial pressure of Hg to the value that
corresponds to pug near point A in Figure 44(a). Then, this condition leads to decreasing
concentrations of Vs3 and Hgcs in appropriate levels.

5.0. Photo-induced current transient spectroscopy of semi-insulating single crystal Cs;Hg;S;
We also investigated the defect levels in the semi-insulating semiconductor Cs;HgsS; by the
current transient spectroscopy light to photoexcite carriers. The photoinduced current transient
spectroscopy (PICTS) technique is well-suited for defect detection in semi-insulating materials.
The important deep-level defect parameters including trap ionization energy, capture cross
section, concentration, and recombination rate can be obtained. It has been previously used to
detect deep level defects in high-resistivity semiconductors including bulk CdS and CdTe [Yoshie
O and Kamihara M 1983 Jpn. J. Appl. Phys. 22 621; Yoshie O and Kamihara M 1983 Jpn. J. Appl.
Phys. 22 629]. Although PICTS measurement does not allow one to directly quantify the trap
concentration, the spectra can be used to obtain qualitative information on the deep trap
concentration. In this study, we measured a series of defect levels in undoped semi-insulating
Cs,HgeS; over the energy range of 0.1 to 1.0 eV. Identification and subsequent control of these
defects should lead to semi-insulating semiconductors with higher resistivity and larger ur
products, resulting in high efficiency radiation detectors that operate at room temperature.

The PICTS technique can be used to identify both the acceptor and donor traps. In PICTS the
device is illuminated with light pulses of definite duration. Above bandgap light creates
electron-hole pairs in a region underneath the semi-transparent Au metal electrode. When
bias is applied to the contacts, electrons or holes are transported through a short distance into
the bulk and trapped by empty centers. A positive bias applied to the Au contact injects only
holes into the bulk of the crystal and hence the transient signal is due to the hole current.
Similarly, a negative bias applied to the Au electrode injects electrons and produces transient
due to detrapping of captured electrons.

Experiment details for the PICTS study

Growth of Cs,HgsS7 single crystals: Cs,HgsS; polycrystals were first synthesized from high-purity
elements by reacting appropriate stoichiometric ratios of Cs,S with B-HgS. Single crystals were
subsequently grown by the Bridgman method using sealed quartz tubes as crucibles. The
grown ingots were analyzed by Laue back-scattered reflection to verify their single crystalline
nature. The dimensions of the Cs;HgeS; single crystal (HL-2-4-1) used in this study are ~5 x 4 x 2
mm?3. The crystals are semi-insulating. The measured room temperature resistivity of the
crystal cut perpendicular to the growth direction is of the order of 1 x10% Q-cm. Ohmic contacts
were made by vacuum depositing semi-transparent 80 nm gold electrodes on the top and
bottom surfaces of the crystals in a parallel plate configuration. The quality of the contacts was
assessed from the |-V characteristics, which is linear at room temperature.

Schematic of the PICTS setup: The PICTS apparatus consists of a pulsed laser, a high gain low noise
Keithley 428 current amplifier, a digital oscilloscope, and a liquid nitrogen cryostat. The
schematic of the system is shown in Figure 45. The sample is placed in the vacuum cryostat
with an optically transparent entrance window. A thermocouple is attached to the sample for
monitoring its temperature, and also connected to a temperature controller. A heater attached
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the double gate PICTS, two gate times t,, and t, are selected (t, > t,,) on the transient current
curve. Here the PICTS response S(t) is given by:

5(0) = I(t,) — I(t,) (1)

where I(t) is the transient current. The transient current after cessation of the pulse is given as
[Rakhshani A E, Khan W |, and Mathew X 1996 Phys. Stat. Sol. B 196 163; BrasiiM J S P, and
Motisuke P 1990 J. Appl. Phys. 68 3370]

I(t)=Kee ™ (2)

where e; is the emission rate (s'l) from trap i with an ionization energy E;.. The prefactor K
depends on the device parameters and applied bias. The emission rate e; is given by

-1 2, B
e;(s™¥) =HT?g,e ‘&t (3)
where g; is the capture cross-section of the trap in cm?, T is the temperature and the constant

H is related to the density of states and trap degeneracy factor. The PICTS signal has a
maximum when

T (4)

Using the condition in Eq. (4), the relations between e, t,, and t, for the maxima of the PICTS
spectra are given by:
1 Zt e
__)e(tn tn Je;

(5)

Thus the emission coefficients (e;) of a trap for different pairs of gate positions t, and t,, are
obtained using Eqn. (5). For a given trap, a graph of In(T?t) vs. 1/T is plotted where 1, =1/e;. The
temperature T corresponds to the temperature that yields a maximum PICTS signal for each
pair of t, and t,,. From Eq. (3) the log of the emission rate is linear with a slope Ei/k, where E; is
the trap ionization energy, k is Boltzmann constant. The intercept with the 1/T axis is —=In(Ho).

1
(1 = =)=t -
€; €;

Results and discussion for the PICTS study: Figure 46 shows the observed transient current
signal versus time for different temperatures for semi-insulating Cs,Hgg¢S;. Datasets were
collected between 80 and 310 K with 10 K interval. Of the 24 temperatures in the dataset, only
five are shown. The typical PICTS signal versus temperature for the double gate method of a
semi-insulating Cs,HggS; crystal is shown in Figure 47. Sampling gate 1 is chosen at 100 us, 200
us, 300 ps, 400 us, 500 s, and gate 2 at 600 ps, 700 ps, 800 ps, 900 ps, 1000 ps, respectively.
Five distinct traps labeled A, B, C, D, and E are observed. The temperature dependence of the
thermal emission rate for traps A, B, C, D, and E are shown in Figure 48 for In(T2%;) vs. 1000/T
diagram for each peak, respectively. The thermal activation energy and capture cross-section
are calculated from the slope and intercept of the linear fitting. In order to determine cross
section ;, the prefactor H is calculated by using the simulated values of the carrier density (10**
cm’ for hole, and 10™ ¢cm™ for electron) and trap degeneracy factor (value of 2). The values of
the thermal activation energy E; of the traps and the effective capture cross section o; are listed
in Table 9 together with the temperature range in which the trap is detected. The measured
defect energies are 0.17, 0.10, 0.11, 0.21, 1.21 eV, respectively for peaks A, B, C, D, and E. Three
of shallow levels of 0.10, 0.11, 0.21 eV are consistent with results from prior
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levels are all energetically shallow whereas the donor levels are both shallow (S1 and S2
vacancies) and deep (S3 vacancy) levels.

The PICTS study showed that from the spectral measurements a series of acceptor levels at 0.10,
0.11, 0.17, and 0.21 eV, respectively, are observed in the undoped material. A deep level of
1.21 eV, a donor level 0.53 eV below the conduction band, is also observed, and it is in
agreement with the first-principles DFT calculations. The peaks are attributed to native defects
namely, sulfur interstitial (0.10 eV), Cs or Hg vacancies (0.11 eV), Hg vacancies (0.17 eV), and
Csyg antisite defects (0.21 eV). The deep level of 0.53 eV is tentatively attributed to donor
defects, either a S-vacancy or less likely Hgcs-antisite defect. Identification and subsequent
control of these defects should lead to semi-insulating semiconductors with higher resistivity
and larger mobility-lifetime products, resulting in high efficiency, y-radiation detectors that
operate at room temperature.

Table 9. Parameters of defect centers in Cs;HgsS;. The energies are with respect to the valence
band edge.

Trap AT (K) E (eV) o (em?) Trap type
A 80-100 0.17 1.0 x 1024 Acceptor
B 115-140 | 0.10 11 x 100 Acceptor
C 150-200 | 0.11 24 x 1020 Acceptor
D 210-270 0.20 50 x 1022 Acceptor
E 280-310 1.2 - Donor

Table 10. Comparison of energies (unit eV) of defects from different methods
Explain the different acronym such as PEAK...

PICTS 0.10 0.11 0.17 0.21 1.2
PEAK B ¢ A D E
pL 0.115 0.115 - - .
pC’ 0.120 0.120 - 0.24 .

6.0. SUMMARY and CONCLUSIONS

Novel high Z chalcogenide semiconductor materials have been synthesized, grown as large
crystals and characterized. The energy band gaps for several of the detector materials were
determined from transmission and reflection measurements. In addition, we have measured
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transient and DC photocurrent of these materials. Many's theoretical model for detector
response is adequate for the extraction of pt product and surface recombination velocity.
Photoconductivity decay measurement in the strongly and weakly absorbed wavelength
regions enabled the determination of carrier lifetimes. Table 11 gives a summary of the most
promising materials found in this project.

Further research is needed to optimize and achieve high sensitivity detectors. In particular, we
will be growing thicker and higher density samples for more efficient absorption of X-rays and
y-rays. Furthermore low-temperature photoluminescence and photocurrent mapping
measurements will be performed to determine the nature of radiative and non-radiative
defects, which may limit detector sensitivity. Near field scanning optical microscopy will be
used to determine compositional inhomogeneity at the nanoscale. Detector response of
selected materials will need to be measured at x-ray and gamma ray energies.

In this work, we effectively addressed the E;-Z limiting issue with a materials design concept we
call “dimensional reduction” (DR). We showed that compounds containing very high Z elements
such as Hg-based binary chalcogenides, which are zero or narrow band gap semiconductors,
can form the basis for generating high band gap (>1.6 eV) materials with high specific density
and high resistivity. We report here crystal growth, characterization, theoretical band-structure
calculations and ut measurements of three such “dimensionally reduced” materials that derive
from the very dense materials 8-HgS, HgSe, and CdTe. We showed that the resulting materials
already exhibit properties that are far superior to Hgl, and directly comparable to current state-
of-the-art compounds such as CZT. Further funding of this approach should result in the
significant improvement of their properties and ultimate development of low cost efficient y-
ray detectors.
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Opportunities for training and professional development

These young scientists attended the MRS Meeting in San Francisco (April 2013) and attended
the symposium “Gamma-Ray and Neutron Detector Materials”. Sandy Nguyen also attended
and presented in the SPIE Conference in Sand Diego August 12-15, 2012. One student and one
postdoc also attended and presented posters at the DTRA Grantees conference in Alexandria
VA (July 2012). This year these students and postdocs will attend the Annual DTRA Grantees
Conference in VA in July 2013.

“Training” activities

Ms. Maria Sebastian, a Ph.D. graduate student in Material; Science at Northwestern University,
has been involved in one-on-one training with her mentor, Dr. J. A. Peters, an expert with
advanced professional skills and experience in semiconductor analysis.
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